The lithogenic arsenic in soils of the Anllóns River basin (Spain) was quantified, its chemical fractions were determined, and its leachability characteristics were compared under various experimental conditions. Fifty soil samples of C horizons, sampling an area of 50 km 2 along the river course, were submitted to an exploratory analysis. Pseudo-total arsenic ranged between 2 and 489 mg kg −1 . Arsenic leachability using the standard methods DIN 38414-S4 and TCLP was less than 0.25% of pseudo-total As. Then the effect of pH (3, 6, and 9), solid : liquid (S : L) ratio (1 : 10 and 1 : 50), phosphate (10 mM), and contact time (24 and 240 h) on arsenic mobilization was studied in nine soils with the highest As concentration. Arsenic mobilization increased at alkaline pH and lower S : L ratio; the most decisive factor was the addition of phosphate, increasing arsenic leachability up to 1,000 times, and this increased even 2.3 times when the contact time was extended from 24 hours to 240 hours. The results suggest that the mobilization of arsenic may be underestimated in short-term water leaching tests and that the environmental conditions favouring arsenic mobilization should be taken into account for a sound evaluation of the transfer risk of arsenic towards aquatic ecosystems.
Introduction
Arsenic (As) is a metalloid widely distributed in natural environments [1] . In the earth's crust, As is the 20th most abundant trace element [2] whose average concentration has been fixed at 1.7 mg kg −1 [3] . In soils, the baseline As concentration is generally in the order of 5-10 mg kg −1 [1] , although the concentrations in soils developed on deposits of sulphides can reach hundreds of mg kg −1 . In particular, arsenic is frequently a significant component in gold deposits, and gold mining has frequently been associated with arsenic contamination. The processing of gold bearing sulphide minerals which contain arsenopyrite and other complex arsenic sulphide minerals results in arsenic containing emissions and effluents which must be given careful consideration in relation to clean air and clean water standards. In fact, there are numerous cases at the global level where gold mining operations have caused a release and redistribution of arsenic into the environment [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The occurrence of geogenic As represents a major concern for groundwater quality in many countries [14] . Arsenic mobilization from rocks and soils, as well as its subsequent incorporation into aquatic systems, is of environmental concern because this is a highly toxic element that poses a serious threat to human and ecosystem health, especially as a result of the contamination of drinking water and food [1, 15, 16] . Several processes have been identified as being responsible for the mobilization of As from the solid phase to the aqueous phase: ion displacement, desorption (or limited sorption) at pH values above 8.5, reduction of arsenate to arsenite, and mineral dissolution, particularly reductive dissolution of Fe and Mn (hydr)oxides [17] .
Pseudo-total As concentrations are not a good indicator of mobilization and potential environmental impact because As fractions differ in their solubility, particularly under different environmental conditions. Fractionation studies and leaching tests may help to assess arsenic mobilization and potential risk of transfer to aqueous systems. Sequential 2 Journal of Chemistry extraction procedures (SEP), such as those of Lombi et al. [18] or Wenzel et al. [19] , make it possible to distinguish trace element fractions with different solubility, which are empirically related to mobilization classes [20] . In turn, leaching tests are used to predict both the potential mobilization of metals and metalloids to groundwater and their bioavailability to plants under natural conditions [21] . Standard tests have been developed for the evaluation of leachability that are mainly based on a washing in water under a specific soil : extractant ratio and contact time. Nevertheless, based on the geochemical characteristics of arsenic, we hypothesize that experimental conditions may drastically affect its solubility and consequently the result of this evaluation. To our knowledge, limited work has been carried out on lithogenic arsenic leaching experiments in soils [22] [23] [24] [25] [26] [27] and references on As leachability are mostly focused on polluted soils of anthropic origin, mine soils and wastes, or other types of residues.
In this study, pseudo-total As contents, chemical fractions, and As mobilization under various experimental conditions were determined in soils from the Anllóns basin, where high geogenic As concentrations were detected, with the final aim of evaluating the potential risk of As transfer to aqueous systems. The results of this study would be of interest to achieve a more comprehensive knowledge of arsenic pollution in the area under study, which is partly considered a Site of Community Importance, as defined in the European Commission Habitats Directive (92/43/EEC). The study would be also of general interest to evaluate arsenic mobilization in different environmental scenarios and to design stabilization/rehabilitation strategies in polluted areas. Also, refining of leaching tests based on the results of this study may be applied for the assessment of the environmental impact of mining operations which imply soil remobilization and accumulation in mine spoils, with risk of lixiviation of arsenic to water.
Materials and Methods

Study Area.
The Anllóns River is located in the region of Galicia (NW Spain); it has a length of about 63 km and flows into the Atlantic Ocean via the Laxe-Ponteceso Ría (Figure 1) . The river drains a rural catchment of 516 km 2 mainly dedicated to agriculture, forestry, and cattle raising activities. Two main human settlements are located in the catchment: Carballo, with a population of over 31,000, and Ponteceso, with a population of about 6,000. The river runs over schists in the upper area, turning into a smooth profile in the middle area of the river, characterized by basic rocks (gabbros and amphibolites). Finally, the lower stretch of the river runs over two-mica granite, followed by biotitic gneiss at the mouth, where the largest area of alluvial materials is also found [28] ( Figure 1 ). The most abundant soil type in the catchment is Cambic Umbrisol [29] . In the areas of scarce organic matter, ochric A-horizons are recognized, resulting in Dystric and Ferralic Cambisols. Leptosols and Regosols are also found in steep areas of the catchment, and Fluvisols along the fluvial banks.
In the catchment, high arsenic concentrations have been detected in various environmental compartments, due to the presence of arsenopyrite (AsFeS) mineralizations associated with gold ores in hydrothermal quartz veins [30] . Arsenic concentrations in the rocks of the area are usually around 1%, but in mineralized zones with semimassive arsenopyrite they can reach up to 10%. High As concentrations have been found in the bed sediments of the Anllóns River, downstream of the mineralized area, with a maximum of 264 mg kg −1 , which have been attributed to natural geogenic arsenic enrichment, exacerbated by gold mining activities carried out since Roman times [31] [32] [33] . At some points along the river course, these high As concentrations have been identified as being responsible for ecotoxicity [34, 35] . Arsenic concentrations exceeding ten to sixty times the legal limit for As in drinking water, set at 10 g L −1 by WHO [36] , have been detected in groundwater near the mineralized area. Also, increased arsenic levels have also been detected in the river water, downstream of the mining area and at the river mouth [37] . However, in spite of these evidences, the arsenic content, chemical fractions, and leachability in the soils of the Anllóns basin have not been studied so far, although they may contribute significantly to As in groundwater and in the riverine ecosystem, posing a potential risk for environment and human health.
With the purpose of achieving the defined objectives of this study, the experimental procedure outlined in Figure 2 has been followed.
Exploratory Analysis. For the identification of lithogenic
As enrichment, a set of fifty soil samples was selected from the "Geochemical Atlas of Galicia" collection [38] , made up of approximately 30,000 samples, one per square kilometre, covering the entire territory of this region. Samples were taken from C soil horizons to detect lithogenic concentrations of several elements without any disturbance from exogenous contamination. The C soil horizons were sampled in the central 10 cm, whose lower limit is generally between 60 and 80 cm depth, with the exception of the soils developed on basic rocks whose lower limit is approximately between 80 and 120 cm depth. Samples were taken using probes or directly from the soil profile exposed in roadside talus after careful elimination of the outer 25 cm. The samples selected in the present work covered an area of 50 km 2 at both sides of the Anllóns River course, with a more comprehensive study in the As-Au mineralized area. Soil samples from the collection, which had been previously milled and passed through a 200 m sieve and preserved in dry and dark conditions in air tight containers, were milled again in an agate mortar and pestle and passed through a 50 m sieve to carry out the corresponding analyses. In these conditions of preservation, it is not expected that there have been changes in the concentration of the element or in its speciation. material BCR5-277b (European Commission, Joint Research Centre, Geel, Belgium) was employed to check the accuracy of pseudo-total As measurements. The As concentration (mg kg −1 ) obtained for this certified reference material was 45.4 ± 4.1 (certified value 47.3 ± 1.6). All interpolation methods were developed based on the theory that points closer to each other have more correlations and similarities than those farther away [39] . IDW is a linear combination of the observed values, inversely weighted by the distances of the observation locations from the interpolation point. This interpolation method is based on the assumption that the influence of a known data point is inversely related to the distance from the unknown location that is being estimated [40] .
Mapping of
Arsenic Solubility in Water.
The German standard method DIN 38414-S4 [41] for the examination of water, waste water, sediments, and sludge by the determination of leachability by water was followed, using Milli-Q water at a 1 : 10 soil : water ratio and 24 h end-over-end agitation. Subsequently, extracts were filtered through 0.45 m syringe filters (Whatman6 Puradisc6 25 polyethersulfone filter devices, General Electric Company, Freiburg, Germany) and frozen (−80 ∘ C) until analysis of pseudo-total As concentrations using Inductively Coupled Plasma Spectrometry (ICP-MS). A Varian 820-MS ICP-MS, equipped with collision reaction interface (CRI) technology to reduce polyatomic interferences, was employed for this purpose (Varian Inc., Palo Alto, CA). Iron concentrations were also determined in the extracts. The detection limits for As and Fe were 3.38 ng L −1 and 85.06 ng L −1 , respectively. The certified reference material EnviroMat Drinking Water EP-H-1 (catog. number: 140-025-032, SCP Science) was used for quality control.
Detailed Analyses of Arsenic Speciation and Leachability.
Nine samples with the highest As contents were selected for a more detailed study of As mobilization by determining As solid fractions using a fractionation sequential procedure and solubility under different experimental conditions. Soil samples were numbered according to their geographical location from left to right and top to bottom.
As Fractionation.
The sequential extraction procedure (SEP) described by Lombi et al. [18] was applied using 1 g of soil and 25 mL of each extractant. This procedure considers the following "operationally defined" chemical pools ∘ C), and F6: residual phase (calculated as the difference between pseudototal As content and the sum of As extracted from steps F1 to F5). The extracts resulting from each phase were centrifuged at 5,000 rpm for 15 min at room temperature, filtered using 0.45 m Whatman Puradisc 25 polyethersulfone syringe filters, and frozen (−80 ∘ C) until analysis of pseudo-total As concentrations using ICP-MS. All reagents were prepared with deionized Milli-Q water. All experiments were run in triplicate and blanks were run simultaneously. Pseudo-total As content of these specific samples was determined by microwave-assisted acid digestion at 150 ∘ C. To this end, 0.2 g soil was introduced into Teflon6 microwave digestion vessels with 10 mL acid solutions formed by 9 mL HNO 3(conc) and 1 mL HF (conc) [33] . After digestion, extracts were made up to 100 mL with 2.5% H 3 BO 3 solution added to "neutralize" the excess HF and complex fluoride (forming tetrafluoroboric acid) in solution, as described by Wilson et al. [42] . This dilution with H 3 BO 3 solution also makes it possible to maintain the HNO 3 concentrations below 10%, as required for ICP-MS measurements. Extracts were filtered using 0.45 m Whatman Puradisc 25 polyethersulfone syringe filters and frozen and pseudo-total As concentrations were measured using ICP-MS.
Arsenic Leachability
(1) TCLP. Arsenic mobilization was estimated by applying the Toxicity Characteristic Leaching Procedure (TCLP) standard method, which simulates worst-case leaching conditions of landfill wastes and represents a method to evaluate the potential toxicity of a waste material. The EPA Method 1311 [43] was applied, consisting of 24 h extraction in Milli-Q water adjusted with acetic acid at pH 4.5, using a 1 : 20 soil : water ratio. After the extraction step, the suspensions were centrifuged at 2,000 rpm for 15 min and the extracts were filtered using 0.45 m Whatman Puradisc 25 polyethersulfone syringe filters and frozen until analysis of As concentration using ICP-MS.
(2) Effect of Changes in the Environmental Conditions. The effect on As mobilization of solid : liquid ratio, pH, phosphorous, and time was also evaluated. The effect of solid : liquid ratio on As mobilization was tested in a 24 h extraction for 1 : 10 and 1 : 50 ratios in Milli-Q water. The effect of pH was studied at pH values 3, 6, and 9, using 1 : 10 solid : liquid ratios and 24 h end-over-end shaking. The pH was adjusted with either 1 M HNO 3 or 1 M NaOH; a saline background of 0.01 M NaNO 3 in Milli-Q water was used to counteract the differences in ionic strength due to the addition of acid or base and to more closely simulate the conditions of the soil solution. The effect of P (added as NaH 2 PO 4 ) on As mobilization was evaluated by performing an extraction of 1 g soil in 10 mL of 0.01 M P prepared in 0.01 M NaNO 3 ; the suspensions were end-over-end-shaken for 24 and 240 h to simultaneously evaluate the effect of phosphate and extraction time.
After the extraction steps, all extracts were filtered using Whatman Puradisc 25 polyethersulfone syringe filters and frozen (−80 ∘ C) until analysis of pseudo-total As concentrations using ICP-MS. All experiments were run in triplicate and with the corresponding blanks, at room temperature (20 ± 2 ∘ C).
Statistical Analyses.
Arsenic mobilization for the aforementioned environmental conditions was evaluated using either Student's -test analysis or one-way analysis of variance (ANOVA). Single Pearson correlations were calculated to analyse the possible relationships between pseudo-total As content and As mobilized under the different environmental conditions. Principal component analysis (PCA), a multivariate statistical technique widely used as a tool for reducing the number of dimensions, was applied for a comprehensive study of As mobilization in soil samples. Namely, pseudototal As and Fe, As fractionation, and As mobilization under different environmental conditions, as well as Fe mobilization in phases F4 and F5 of As fractionation, were introduced as inputs in the PCA analysis. The SPSS 20.0 statistical package was used for all the statistical analyses 
Results and Discussion
Exploratory Analysis.
The spatial distribution of As in the soil samples from the C horizons is represented in Figure 3 . Pseudo-total As concentrations varied between 2 and 489 mg kg −1 , with a mean value of 85 mg kg −1 . The concentrations were within the range of those detected by Devesa-Rey et al. [31] in polluted sediments of the Anllóns River, which reached a maximum value of 264 mg kg −1 . The statistical distribution of As concentrations can be visually inspected using a box plot (Figure 4(a) ). The 25th, 50th, and 75th percentiles (14, 25 , and 94 mg kg −1 , resp.) were represented as lines in vertical boxes, with error bars representing the 10th and 90th percentiles (5 and 344 mg kg −1 , resp.). Five soil samples located in the Au-As mineralized area [28] exceeded the 90th percentile and may be considered outliers. The value inferred from the 25th percentile (14 mg kg −1 )
can be considered a local background [44] , which is slightly lower than the limit allowed for agricultural soils in Galicia, set at 25-30 mg kg −1 [45] , whose upper limit was surpassed by 23 samples. The general reference level for As, fixed at 50 mg kg −1 for soils in the Spanish region of Galicia [46] , was exceeded in 21 soil samples (42%). Concentrations surpassing 50 mg kg −1 are also considered dangerous in several countries and above this threshold soil remediation procedures are recommended [47] .
Soluble As concentrations obtained using the German DIN 38414-S4 [41] method ranged between 0.13 and 9.85 g L −1 , which are much lower than the acceptable leaching limit values for inert waste landfills determined under similar conditions [48] . Expressed on a dry weight basis, the As extracted ranged between 1.24 and 98.45 ng kg an outlier for pseudo-total As. The percentage of pseudototal As mobilized in these experimental conditions was very low and ranged between 0.002 and 0.03%. No correlation between pseudo-total As and water-soluble As was observed (Figure 4(c) ).
Detailed Analyses of As Speciation and Leachability.
Nine samples with the highest As contents (108-489 mg kg −1 ) were submitted to a more detailed study including As fractionation and As leachability in various extractants. In these soil samples, the pH varied between 5.6 and 7.1 (Table 1) , Mn concentration ranged between 0.2 and 3.0%, and pseudo-total Fe content varied between 1.3 and 6.7%. No correlation was found between pseudo-total As and Fe either in the selected samples or in the exploratory analysis (data not shown). Semiquantitative mineralogical analysis of soil samples using X-ray diffraction did not identify As minerals. Soil organic matter was not determined because this component is scarce in soil C horizons.
As Fractionation.
The results of As fractionation following the procedure of Lombi et al. [18] are shown in Table 1 . The following decreasing order of abundance of the fractions was observed: F5 > F4 ∼ F6 > F2 ∼ F3 > F1. The predominant fraction was F5, which corresponds to As bound to crystalline Fe oxides, with percentages varying between 37.4 and 60.7% with respect to pseudo-total As, followed by F4 (As bound to amorphous Fe oxides), with percentages varying between 15.8 and 39.8%, and F6 (As in the residual phase), with values between 2.1 and 30.7%. Arsenic associated with aluminium and organic matter (F3) accounted for 2.2-6.4% of pseudo-total As and was similar to specifically sorbed As (F2) (between 2.4 and 5.7% of pseudototal As). The exchangeable As (F1) was the least abundant fraction, accounting for only 0.01-0.05% of pseudo-total As. In summary, the results of the fractionation procedure revealed that As was mainly associated with amorphous and crystalline Fe oxides, which together represent 63 to 86% of pseudo-total As and justify the low water-soluble As concentrations. Only 2-6% of pseudo-total As corresponded to F1 and F2 fractions that are considered the most mobile [49] and responsible for As toxicity in soils [50] .
The As distribution in the soils of the Anllóns Basin was slightly different from that observed in the bed sediments of 8 Journal of Chemistry this river, where the residual phase predominates (up to 75% of pseudo-total As in some samples), followed by As bound to Fe oxides, representing up to 55% of pseudo-total l As [31, 33] . However the results of the fractionation are in agreement with those found in vineyard soils by Nóvoa-Muñoz et al. [51] , who have observed a predominance of the As fraction associated with crystalline Al and Fe oxides; they also agree with those of Moreno-Jiménez et al. [49] who also have found a predominance of As retained by Al and Fe hydrous oxides in soils adjacent to an old mine site and with those of Li et al. [25] analysing the speciation of geogenic arsenic in soils.
Arsenic Leachability.
The results of the extraction in TCLP showed low concentrations of soluble As (0.27 and 1.63 g L −1 ), with the exception of sample 1, for which the As concentration in the extracts reached 41.86 g L −1 (Table 2 ). These concentrations were much lower than the maximum allowable concentration for TCLP extracts, fixed at 5 mg L −1 by USEPA [52] , and also far from EC 20 determined by Rubinos et al. [53] for As V and As III using the Microtox5 acute toxicity bioassay (which is usually conducted with TCLP extracts), set at 4.4 and 10.2 mg L −1 , respectively. Expressed in dry weight basis, TCLP-soluble As ranged from 0.01 to 0.03 mg kg −1 , which represents 0.006 to 0.012% of pseudo-total As; sample 1 was an exception, because soluble arsenic reached 0.84 mg kg −1 and represented 0.25% of pseudo-total As. The low As solubility in the studied soils can be explained by the predominant association of As with Fe oxides that are poorly soluble in the acetic solutions (Table 3 ) (the highest concentration of solubilized Fe was 5.00 mg kg −1 representing 0.008% of pseudo-total Fe). Arsenic concentrations in TCLP extracts were in the order of those obtained in the DIN 38414-S4 [41] extracts and significant positive Pearson correlations ( < 0.01) were found between the two standard methods (Table 4) . Nevertheless, none of the methods showed significant positive correlations with pseudo-total arsenic.
For the evaluation of the influence of environmental conditions on As mobilization, the effect of solid : liquid ratio was first investigated in a 24 h extraction for 1 : 10 and 1 : 50 ratios in Milli-Q water. Arsenic concentrations in the extracts were significantly higher ( < 0.05) for the 1 : 50 S : L ratio than for the 1 : 10 S : L ratio ( Figure 5(a) ). Notwithstanding, even for the highest concentration, they were much lower than the leaching limit values established for waste acceptable at landfills, set at 0.05 mg L −1 for inert waste [48] . Expressed on a dry weight basis, As mobilization increased approximately 7 to 29 times with the decrease in S : L ratio (Table 2) . Thus, whereas for a 1 : 10 ratio it varied between <0.01 and 0.10 mg kg −1 (<0.01% to 0.03% of pseudo-total As), for a 1 : 50 ratio it ranged between 0.05 and 1.10 mg kg −1 (0.05 to 0.33% of pseudo-total As). Increasing As solubility with increasing liquid : solid ratio was also observed for sediments of the Anllóns River and related to higher risk of As mobilization during resuspension events [33] .
For the study of the effect of pH, As solubility in 0.01 M NaNO 3 at pH values 3, 6, and 9 was tested ( Table 2) . Arsenic leachability increased significantly ( < 0.05) with increasing pH and was 6 to 78 times higher at pH 9 than at pH 3. The maximum percentage of As released, observed at pH 9, reached 0.71% of pseudo-total As, whereas the lowest percentage, observed at pH 3, only reached 0.001%. The environmental relevance of the pH effect on As solubility is revealed in Figure 5(b) , where it can be observed that for six soil samples As concentration in the extracts at pH 9 exceeded 1 Pseudo-total As content determined by microwave digestion used for the calculation of the percentages of As extracted; 2 As extracted using DIN 38414-S4
[38]; a, b, c superscript letters indicate significant differences ( < 0.05) between the tested experimental conditions for each parameter; figures in parentheses indicate the percentage of As mobilized with respect to the pseudo-total As concentrations. or was close to the leaching limit value for waste acceptable at landfills for inert waste, set at 0.05 mg L −1 [45] . These results agree with other studies reporting the higher solubility of As at alkaline pH in soils and sediments [32, 33, 54, 55] . Alkaline pH values favour As mobilization due to the displacement of As by hydroxyl ions competing for sorption sites and the more negative surface charges of active soil components at this pH, which hinder the subsequent adsorption. In cases where higher As mobilization has been observed at acidic pH in comparison with circumneutral pH values, it has been Table 4 : Significant Pearson correlation coefficients between pseudo-total As and the As mobilized under the different studied conditions. As T As DIN As TCLP As pH3 As pH6 As pH9 As 1:50 As-P =24 h As-P =240 h attributed to the partial dissolution of As-bearing Fe and Al (hydr)oxides in soils and sediments [32, 54] . In this study, although As is mainly associated with Fe oxides, less than 0.02% of pseudo-total Fe was released at pH 3 (Table 3) , which explains why there was no correlation between Fe and As at this pH.
The effect of phosphorous on As mobilization was tested in the presence of 10 mM P concentration. Arsenic in this extract was the only fraction which showed a linear relationship with pseudo-total soil As content ( 2 = 0.88). Leached As ranged between 1.99 and 10.97 mg kg −1 (between 2.09 and 3.19% of pseudo-total As) and was significantly ( < 0.05) higher (∼100 to 1000 times) than the As mobilized in water using the DIN 38414-S4 method [38] . This favourable effect of phosphate on As mobilization in soils, which has also been observed in sediments of the Anllóns River by Rubinos et al. [33] , was attributed to the competition of phosphate and arsenate for sorption sites, because both elements form oxyanions with quasi-identical pKa values and have similar effects on the surface charge of the solids [56, 57] .
Finally, the effect of time on As mobilization was evaluated in the worst-case scenario analysed in this study, that is, using 10 mM P solutions. The As mobilized at 240 h varied between 2.05 and 17.05 mg kg −1 (2.64 to 5.17% of pseudototal As), which implies an increase of approximately 1.7-fold in As mobilization compared to that obtained at 24 h. The exceptions were samples 8 and 9 (showing the lowest values of pseudo-total As) for which similar results were found at both times.
The environmental relevance of the combined effect of P and time is reflected in Figure 5(c) , where all the samples now exceed the leaching limit value for inert and nonhazardous waste, set at 0.05 mg L −1 and 0.2 mg L −1 , respectively, and some of them even approach the leaching limit value for hazardous waste [48] . These findings are noteworthy, especially for aquatic environments that receive inputs of phosphate, because they suggest that As solubility may be underestimated in the short term, such as those frequently used in standard leaching tests and sequential extraction procedures.
It is remarkable that As extracted by the two standard methods (DIN 38414-S4 and TCLP) showed no correlation with pseudo-total As or that mobilized in the most favourable conditions, that is, alkaline pH, presence of phosphate, and long extraction times. This behaviour raises questions about the predictive ability of these standard methods in terms of environmental risk. Although the standard methods provide useful information to compare with leaching limit values and to establish comparisons between researchers from different labs, it becomes evident that other tests must be carried out representing potential scenarios for the assessment of pollutant transfer into aquatic systems.
To examine the relationships between pseudo-total As (and pseudo-total Fe), As fractions (and Fe in steps 4 and 5), and As leachability under diverse experimental conditions, a principal component analysis was applied. Two principal components (PC) with an eigenvalue > 1 were extracted (Figure 6) , which explained 74% of the total variance. PC1 mainly included the variables corresponding to conditions promoting As mobilization (As pH=9 , As-P =24 h , and As-P =240 h ), plus pseudo-total As and all the As fractions except F3 (As associated with Al and organic matter). In turn, PC2 included the variables related to lower As mobilization (As DIN , As TCLP , As 1:50 , As pH=3 , and As pH=6 ). Pseudo-total Fe content and Fe solubilized in steps F4 and F5 of the As fractionation (iron oxides) were not correlated and are not grouped with the As related variables. A possible explanation for this lack of association of As and Fe is that As mineralizations in this catchment are associated with acid quarzitic veins, which are poor in Fe-rich minerals. Nevertheless, this behaviour is not opposed to the observation that, in the analysed soil samples, As is mainly linked to Fe oxides because once weathering, a process typical of C horizons, releases As from As-bearing primary minerals (mainly arsenopyrite), it shows a great affinity for Fe oxides, to which it is bound by adsorption and coprecipitation [56] .
General Overview.
Arsenic transfer from soils to surface and subsurface waters may constitute an important risk to aquatic life and human health [17] . The results of this study highlight the presence of high but variable concentrations of As in soil samples taken from C horizons in the Anllóns River catchment. The highest As contents were mainly found in or close to the As-Au mineralization area, as well as in the proximity of the river, thus aggravating the transfer risk to the fluvial ecosystem.
Chemical fractionation of arsenic indicated a low potential mobilization in these soil samples as the sum of F1 and F2, considered the most mobile fractions, only represented 6% of the pseudo-total As at most. In fact, the mobilization of As estimated by the standard procedures DIN 38414-S4 and TCLP was very low (maximum of 0.03% and 0.25% of pseudo-total As, resp.).
Nevertheless, the results of this study indicated that changes in environmental conditions, such as modifications in S : L ratios, pH conditions, the presence of competitive anions (phosphate), and contact time, drastically affect As mobilization, increasing As solubility up to 1,600 times. In nature, changes in S : L ratios may occur due to variations in the volume of water percolating the soil in situ. Furthermore, if eroded soil particles reach the river course, S : L ratios may change depending on whether the particles are deposited on the riverbed or maintained in suspension and, in this case, S : L ratios may change with the river flow rate. Moreover, in areas affected by mining activities, soil may be removed in the preparatory step for mining operations and accumulated in spoil heaps subject to leaching, or deposited in dumps where S : L ratios are also affected by the density of the tailings. Contact times that exceed 24 h, which is the time established in standard leaching methods, could occur in real conditions during the leaching of soils in situ or dumped as mine spoils and also during transportation as suspended particles along the river course or once they are deposited as bed sediments.
Alkaline conditions can occur as a consequence of contaminant discharges over the soil in situ, or if the materials were dumped in mine tailings, due to mining operations using alkaline solutions for metal beneficiation, such as what occurs where cyanide is used to extract gold. Phosphate concentrations in soil solution may be increased due to fertilization; also, if As-rich soil particles reach the river course, they can interact with soluble phosphate coming from urban and industrial sewage treatment plants and from fertilizers leached or eroded from agricultural soils in the river catchment. In fact, this may be a problem in cases such as in the Anllóns River, where diffuse and point sources of P pollution have been identified along the river course, which result in soluble P concentrations of up to 1.4 mg L −1 [58] . In the riverbed sediments, high As concentrations have also been detected in many places coinciding with P concentrations of up to 2324 mg kg −1 [43] , thus aggravating the risk of As mobilization.
Overall, this study indicates that although standard leaching methods provide useful information in terms of legal limits or comparable data between laboratories, they can underestimate As mobilization under possible scenarios, such as those occurring in soils affected by contaminant spillages or mining activities. The effect of such environmental conditions which may affect As solubility should be taken into account for a more comprehensive evaluation of the environmental risk caused by As mobilization to aqueous systems.
Conclusions
Pseudo-total As concentrations (ranging between 2 and 489 mg kg −1 ) up to 8 times higher than the regional generic reference level are found in the C horizon of soils from the Anllóns River catchment. Arsenic has low solubility in the standard leaching tests DIN 38414-S4 and TCLP (up to a maximum of 0.25% of pseudo-total As), which is related to the predominance of low mobilization As fractions, as in these soils it is mainly associated with crystalline Fe oxides. Based on this behaviour, the transfer risk of these high As concentrations to groundwater and superficial waters may be considered low. Nevertheless, it is shown that changes in environmental conditions, such as S : L ratios, pH conditions, presence of phosphate, and longer contact time, bring about an increase in As mobilization which can reach up to 5% of pseudo-total As for the extraction with 10 mM phosphate and 240 h of contact time. The results of this study indicate that the information provided by the standard methods DIN 38414-S4 and Toxicity Characteristic Leaching Procedure (TCLP) may be considered conservative for a reliable evaluation of the risk of As transfer from soils to water bodies.
Overall, the mobilization studies indicate that the assessment of arsenic leachability based solely on short-term aqueous leaching trials without pH control underestimates the actual mobilization of arsenic and that pH, solid : liquid ratio, contact time, and the presence of phosphate should be taken into account for the evaluation of the transfer risk of lithogenic arsenic towards aquatic ecosystems and living beings.
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